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Introduction
1. Ataxia-Telangiectasia: Elevated Cancer Risk

Ataxia-telangiectasia (A-T) is a debilitating and progressive autosomal recessive human
disease in which homozygotes suffer a predisposition to cancer, such as lymphomas and
leukemias, and a marked sensitivity to ionizing radiation. In addition, the patients exhibit a
variety of other symptoms; in particular, the immune system, nervous system, and skin are
affected (7)(8). ’

Certain studies have found that individuals heterozygous for ataxia-telangiectasia have
an increased risk of cancer (4); in particular, female heterozygotes may be five times more
likely to develop breast cancer than control populations (22). However, this point is still
not resolved, as some groups have found that ATM mutations do not confer a
predisposition to early onset of breast cancer (6). It is clear that research on the biology of
the A-T gene is likely to increase our understanding of one potential cause of breast cancer
and may improve our ability to provide the most appropriate methods of diagnosis and
treatment for these patients.

II. The ATM Gene: Homologous to S. pombe rad3+

ATM (ataxia-telangiectasia mutated), the gene responsible for causing ataxia-
telangiectasia, has been cloned and sequenced (18, 19). ATMp is homologous to a family
of proteins which includes . pombe Rad3p (the gene product of the S. pombe rad3* gene)
(3, 18). Both ATMp (the predicted protein product of the ATM gene) and Rad3p contain
leucine zipper motifs, which may mediate their dimerization or interaction with other
proteins (19). They also each contain a kinase domain at their C-termini (19). Rad3p has
been shown to be capable of autophosphorylation (3), while ATM has been shown to be
capable of phosphorylating protein substrates (11). ATM and rad3*are also homologous
to the S. cerevisiae MECI/ESRI gene (18). In addition to sharing substantial sequence

homology, ATM-deficient cells and rad3- and mecI- mutants exhibit remarkable
phenotypic similarities.



III. The ATM gene family: Functionally and structurally similar proteins in a range of
organisms

Human ATM, S. pombe rad3+ and S. cerevisiae MECI are cell cycle checkpoint
genes. These genes maintain the proper order of events in the cell cycle by preventing cell
cycle progression at inappropriate times (9). For example, to ensure that a euploid set of
chromosomes is transferred to the next generation, DNA synthesis must be completed
before cells divide. To maintain the fidelity of genetic information, cells must not initiate

mitosis in the presence of damaged DNA. Both rad3- and mecl- mutants fail to maintain
these dependencies (5)(26)(12)(1). Although the checkpoint deficiency is most well-
studied at G2/M in these organisms, there is evidence that the cells lack other cell cycle

controls as well. Compared to wild-type cells, mecI- mutants exhibit a reduced ability to
slow DNA replication in response to alkylating agents (17). rad3 function is also believed
to contribute to S-phase arrest in S. pombe (14).

A-T cells also lack the ability to execute a number of checkpoint controls which
normally act to prevent cell cycle progression in the presence of damaged DNA (8)(23).
These cells lack a G1/S checkpoint, the ability to delay entry into S phase in the presence of
DNA damage induced by ionizing radiation . A-T cells also exhibit a defect in their G2/M
checkpoint, which prevents cells with damaged DNA from entering mitosis (20)(2). Also

like mecl- and rad3 mutants, A-T cells exhibit a deficiency in slowing the rate of DNA
synthesis following exposure to DNA-damaging agents such as ionizing radiation (16)(10).

The above evidence suggests that the ATM, rad3*, and MECI gene products work by
similar mechanisms to detect and respond to DNA damage by activating repair pathways
and arresting cell cycle progression.

The ATMp family appears to define a novel class of proteins involved in
communicating information about DNA to the cell. Their function is undoubtedly extremely
important, as evidenced by the drastic phenotypes caused by loss-of-function mutations in
these genes. I have initiated genetic and biochemical analysis to elucidate the molecular
~ mechanism of action of the rad3+ gene. Any information we gain about rad3+ can be
applied to further our understanding of the functions of ATM.



IV. The Schizosaccharomyces pombe checkpoint pathway

rad3+ is one of a number of checkpoint genes that have been identified in
Schizosaccharomyces pombe (for a recent review, see (21)). The S. pombe checkpoint rad
mutants, which include radl, rad3, rad9, radl7, rad26, and hus1, all have similar
phenotypes; they fail to arrest the cell cycle in the presence of either DNA damage or
incomplete DNA replication. chk! and cdsI encode kinases which also function in
checkpoint control in fission yeast (25)(15). In contrast to the checkpoint rad mutants,
chkl mutants appear to be specifically defective in responding to DNA damage, while cdsI
mutants exhibit the reciprocal problem, failure to recover from S phase arrest. Chk1p and
Cds1p function downstream of the checkpoint rad genes (25)(15).

Rad3p is believed to play a central role in cell cycle checkpoint control in
Schizosaccharomyces pombe. Evidence suggests that Rad3p is integrally involved in
monitoring the DNA and relaying information about DNA damage and incomplete DNA
replication to other cellular proteins such as DNA repair enzymes and the cell cycle
machinery. My studies are aimed at achieving a better understanding of how S. pombe

rad3+ functions, as a model system for understanding the biology of human ATM. This
report describes my work while on the grant, and is focused on details of experiments
which were completed over the past year (January 1, 1998-December 31, 1998).



Body
1. Identification of gene products that interact with Rad3p: DNA replication proteins

As detailed in my last annual report, I have found interesting genetic and physical
interactions between Rad3p and components of the DNA replication machinery. I
discovered a gene and allele-specific genetic interaction between rad3 and cdc6 (pold), the
leading strand DNA polymerase. When I overexpress rad3+ in either cdc6-23 or polots]
alleles, the phenotypes of the cdc6 mutants are worsened, and they now elongate at their
permissive temperature. This data indicates that rad3+ and cdc6 exhibit a synthetic dosage
phenotype. Synthetic dosage lethality provides evidence for an interaction between two
genes (13). Overexpression of other checkpoint genes is unable to cause this phenotype,
and overexpression of rad3+ in other DNA replication mutants does not cause such a
synthetic phenotype. Although I have been unable to observe any physical interactions
between Rad3p and pold, we do believe that the specificity of the genetic interaction
indicates that these two proteins may interact in a special way. I have also discovered both
physical and genetic interactions between Rad3p and PCNA, the processivity factor for
pold, which I also described in my last report. We believe that one of the normal functions
of Rad3p may be to interact with components of the DNA replication machinery, possibly
in order to slow DNA synthesis in the presence of DNA damaging agents, as discussed
above.

In the past few months, I have performed an experiment to address why
overexpression of rad3 in specific mutants of cdc6 (pold) causes the pold mutants to have a
lower nonpermissive temperature (or a synthetic dosage phenotype). To distinguish
whether rad3+ overexpression causes DNA damage or whether it interferes with DNA
replication, we investigated whether rad3+ causes elongation in cdc6-23 mutants in
different checkpoint deficient backgrounds. cdc2-3w mutants are specifically defective in
the DNA replication checkpoint, while chkI- mutants are mainly deficient in the DNA
damage checkpoint. If the overxpression causes DNA damage, the DNA damage
checkpoint deficient cells should undergo aberrant mitoses or "cuts.” If the overexpression
interferes with DNA replication, "cuts" should form in DNA replication checkpoint-
deficient backgrounds. We overexpressed rad3+ and vector controls in cdc6-23, cdc6-23
cdc2-3w, and cdc6-23 chkl::ura4+ mutants and investigated the phenotype at the
permissive temperature by looking at cell morphology and counting percent aberrant
mitoses. In the cdc6-23 chkl- background, overexpression of rad3+ does not result in
aberrant mitoses, suggesting that large amounts of DNA damage are not present. The large



percentage of aberrant mitoses in the cdc6-23 cdc2-3w cells suggests that overexpression
of rad3+ interferes with DNA replication in cdc6-23 cells. The ability of rad3+ to interfere
with DNA replication is a novel finding.

In the next few months, we hope to prepare a manuscript which describes the
interactions we have observed between Rad3p and the DNA replication proteins. We
would also like to perform a few more experiments to further our understanding of these
interactions. Specifically, I would like to confirm that rad3+ is interfering with DNA
replication in these cdc6 alleles using another method. I will perform CHEF gels to
investigate the status of the DNA in cdc6-23 alleles with and without rad3+
overexpression. We expect that at the permissive temperature, cdc6-23 alleles will be able
to replicate their DNA, and thus the S. pombe chromosomes will enter the CHEF gel. We
will look to see whether overexpression of rad3+ interferes with DNA replication by
checking to see whether the chromosomes fail to enter the gel in this condition. We will
also confirm the Rad3p/PCNA physical interaction using tagged versions of the proteins.

II. Regulation of Rad3p protein and activity-- Structure/Function Analysis of Rad3p

As discussed in my previous report, we have taken a structure/function approach to
understand the regulation of Rad3p protein and activity. In collaboration with Sarah
Evans, another graduate student in my lab, I recently submitted a manuscript “Requirement
of Sequences Outside the Conserved Kinase Domain of Fission Yeast Rad3p for
Checkpoint Control,” to Molecular Biology of the Cell which described these studies. (I
submitted a copy of this manuscript to Patricia Modrow at U.S. Army Medical Research
and Materiel Command, as well, in accordance with the procedures outlined in the grant.)
In this manuscript, we showed that the kinase domain is necessary but not sufficient for
Rad3p function. C-terminal Rad3p constructs which contain the complete Rad3p kinase
domain cannot complement a rad3 deletion strain, nor do they have kinase activity in vitro.
As discussed in the last report, I found that a construct which contained the first 775 amino
acids of Rad3p caused a dominant negative checkpoint phenotype in wild-type cells, when
overexpressed. This shortened Rad3p construct probably functions as a dominant negative
by titrating important Rad3p interactors into nonfunctional complexes. By performing
deletional analysis into the N-terminal construct, we identified two sites N-terminal to the
conserved kinase domain that are essential for Rad3p function. One of these sites is the
putative leucine zipper, which is conserved throughout the PI3KR family. The other is a
novel motif, which we call the Psite, which may also potentially mediate Rad3p protein-

protein interactions.




Interestingly, full-length rad3 alleles which harbor deletions in these sites, rad3-LZdel
and rad3-Pdel, fail to complement rad3A cells, although they retain kinase activity. This
suggests that kinase activity is not sufficient for complementation of the rad3A checkpoint
deficient phenotype. In addition, I found that rad3-LZdel is still capable of Rad3p
homomultimerization, indicating that the leucine zipper is not required for the ability of
Rad3p to self-associate. The ability of Rad3p to self-associate was first reported by others
(3). I have also found that rad3-LZdel is still capable of binding to Chk1p, an interaction
that was recently described by others in the literature. This indicates that the leucine zipper
may be mediating binding to another factor that has not yet been identified.

+ Composition of the Rad3p Complex: Self-Association Studies

Recently, I have engaged in studies aimed at addressing the composition of the Rad3p
complex. As mentioned above, others have demonstrated that Rad3p can homomultimerize
(3), and I have confirmed their findings. I have started to investigate what domains of
Rad3p are required for these interactions. Localizing the self-association domain in Rad3p
would be very interesting because we could access whether self-association was required
for the normal function of Rad3p by performing complementation studies. In addition, we
would also be able to determine if dimerization is necessary for Rad3p kinase activity. We
could also examine the affect mutation of the domain has on dominant negative activity.
Although we were suprised that the leucine zipper mutant did not abrogate the ability of
Rad3p to self-associate (see above), we have preliminary data that suggests that a Rad3p
self-association domain might be located between amino acids 184-372 of the protein.

I have performed immunoprecipitation experiments which demonstrate that full-length
Rad3p has the ability to bind to tagged versions of Rad3-N775, Rad3-N690, Rad3-N541,
and Rad3-N372 N-terminal constructs (both proteins are overexpressed). N775-LZdel and
N775-Pdel are also both capable of binding to full-length Rad3p. Rad3p may also be able
to bind to the C-terminal kinase domain as well, but the interaction appears to be weaker
than with the N-terminus. However, an N184 construct, which contains the leucine zipper
motif, is unable to bind full-length Rad3p, suggesting that there may be a Rad3p self-
association domain located between amino acids 184-372. Interestingly, there appears to
be a domain which resembles a single TPR motif in this region. TPR motifs are thought to
mediate protein-protein interaction. However, TPR motifs are extremely degenerate, and
are usually present in multiples. I specifically looked for TPR motifs in Rad3p because a
new PI3KR protein, TRAAP, contains a putative TPR motif.
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rad3 Allele Ability to Bind Full-Length Rad3p

rad3+ ++

rad3-LZ ++ (Chapter I)
rad3-N775 ++

rad3-C725 +

rad3-N775-P ++
rad3-N775-LZ ++

rad3-N690 ++

rad3-N541 ++

rad3-N372 ++

rad3-N184 --

rad3-Al-183 ? (hypothesis +)
rad3-Al-372 ? (hypothesis --)
rad3-A220-441 ? (hypothesis --)
rad3-184-775 ? (hypothesis +)
rad3-373-775 ? (hypothesis --)
rad3-N775A220-441 ? (hypothesis --)

I am hoping to identify the Rad3p self-association domain located in the N-terminus.
To do so, I am creating new mutants: A1-183 and A1-372. If the Rad3p self-association
domain is indeed located between amino acids 184 and 372, we would expect A1-183 to be
capable of binding to full-length Rad3p, and that A1-372 would be unable to do so. Ihave
also created A220-441, chosen because of convenient restriction enzyme sites. If the
Rad3p self-association domain is in the TPR motif, this mutant should eliminate Rad3p
self-association. I will first observe the binding of the deletions in the context of the N-
terminal domain (N775) alone, since there may be more than one self-association domain in
Rad3p (for example, I have evidence that another one may exist in the C-terminus). I will
then try the binding assays in the context of the full-length alleles.

If we can locate the Rad3p N-terminal self-association domain, we can determine the
genetic phenotypes of rad3 alleles which lack the domain, in both complementation studies
and dominant negative assays. We will also investigate the kinase activity of the mutant(s).
Rad3p self-association might be required for kinase activity, for example.

11



Progress Towards Statement of Work
Technical Objective 1: Identify gene products that interact with Rad3p

Task 1. Months 1-6. (Completed) We have determined if overexpression of known
checkpoint genes can suppress rad3- mutations, and have been unable to observe cross
suppression, except with chkl and cdsl, which are already known to function downstream
of Rad3p.

Task 2. Months 6-12. (Completed) As detailed in the previous report, we performed a
screen for high copy plasmid-born suppressors of rad3- mutations. However, we only
isolated very weak suppressors of rad3- mutants, and at this time, we are unsure of the
relevance of their relation to the checkpoint pathway. This project has been put on hold for
the time being.

Task 3. Months 12-16. (Completed) As detailed in the previous report, we sequenced
the high copy suppressors we isolated in our screen. We compared the sequences to the
data base. As mentioned in Task 2, we are not following up on these clones at the present
time because they are not strong suppressors of rad3- mutants, and other areas of our
research are proving more fruitful.

Task 4. Months 16-20 (No longer appropriate) As described above, because we are
unsure of the relevance of the suppressors we isolated to the rad3 checkpoint pathway, we
are not following up on the clones. Therefore, we do not feel it is productive to create null
alleles for these genes.

Task 5. Months 1-6. (Completed) Others in my lab have created rad3 mutants with other
checkpoint genes, and there are no phenotypes which indicate interesting epistatic
relationships.

Task 6. Months 6-12 (Completed) We use a classical genetics approach to identify a
synthetic dosage phenotype between rad3 and cdc6 (pold), the leading strand DNA
polymerase. We have also used overexpression studies to identify genetic interactions
between rad3 and PCNA.

12



Task 7. Months 12-18 (Completed) cdc6 and PCNA are known genes, which have
already been cloned and genetically characterized by others.

Task 8. Months 18-24 (Completed) Because cdc6 and PCNA have already been cloned
and sequenced by others, we do not have to clone these genes.

Task 9. Months 24-30. (Completed). See Task 8.

Task 10. Months 30-36 (Completed) cdc6 and PCNA are both essential genes. The null
alleles have been published in the literature. We have also obtained many different alleles
of cdcé6.

Task 11. Months 1-6 (Completed) We have constructed yeast strains expressing epitope-
tagged versions of Rad3p.

Task 14. Months 1-8. (Completed). We have prepared polyclonal antibodies to
bacterially expressed Rad3p. We were unable to have synthetic peptides of Rad3p created,
for technical reasons. Our antibodies recognize Rad3p when overexpressed from moderate
strength promoters. Unfortunately, we have been unable to visualize Rad3p at endogenous
levels.

Task 15. Months 8-24 (In progress). We are using epitope-tagged versions of Rad3p to
analyze Rad3p complexes by immunoprecipitation. For example, we have looked at the
ability of Rad3p to self-associate and to interact with Chk1p and PCNA (and pold). We are
currently investigating the domains required for the Rad3p self-association.

Task 16. Months 25-36 (In progress). See Task 15.

Technical Objective 2: Regulation of Rad3p

Task 15. Months 8-12 Unfortunately, we have been unable to examine expression levels
of Rad3p in wild-type and checkpoint defective cells because we are unable to visualize

endogenous levels of the protein.

Task 16. Months 8-14. (In progress) Because we are unable to visualize endogenous
levels of protein, it is difficult to assess the subcellular localization of Rad3p. However,

13



preliminary experiments to try to develop immunofluorescence assays for Rad3p
localization have been performed.

Task 17. Months 14-24. (In progress) We have checked for a shift in Rad3p migration
on SDS-PAGE gels in response to HU and in response to bleomycin, which might indicate
a change in phosphorylation state. We have been unable to observe any changes in
mobility of the protein. We are currently studying Rad3p complexes, as mentioned above.

Task 18. Months 24-36 (Not yet addressed)
Task 19. Months 24-36 (Not yet addressed)
Task 20. Months 36-42 (Not yet addressed)
Task 21. Months 42-48. (Partially completed) As stated above, we have prepared a
manuscript describing work relating to the regulation and structure/function analysis of

Rad3p, and submitted it to Molecular Biology of the Cell. We have provided a copy of this
manuscript to the Department of Defense.

14



Conclusions
1. Identification of gene products that interact with Rad3p

We have discovered genetic interactions between Rad3p and both pold and PCNA, as
well as a physical interaction between Rad3p and PCNA. In future experiments, we hope
to further understand exactly how these proteins might function together. Our current
model is that Rad3p can inhibit DNA replication in certain circumstances, possibly by direct
physical interaction with members of the DNA replication complex.

Over the next year, we hope to perform experiments which will lead to a manuscript
detailing the interactions we have observed between Rad3p and components of the DNA
replication machinery.

II. Regulation of Rad3p protein and activity

In order to further our understanding of regulation of Rad3p protein and activity, we
have performed a structure/function analysis on rad3. Our studies indicate that the leucine
zipper motif, the kinase domain, and a site we call the “Psite,” are all required for proper
Rad3p function. We have analyzed the mutants we have generated by measuring their
phenotypes quantitatively by performing hydroxyurea time courses, radiation curves, and
assessments of their effects on Rad3p kinase activity (using an assay developed by Sarah
Evans in the lab). We have compiled our work into a manuscript entitled “Requirement of
Sequences Outside the Conserved Kinase Domain of Fission Yeast Rad3p for Checkpoint
Control,” which we have submitted to Molecular Biology of the Cell. (A copy of this
manuscript was also sent to Patricia Modrow at the Department of the Defense, postmarked
December 5, 1998).

Our future studies will aim to identify the domains required for the self-association of
Rad3p, as described above. We believe our studies are furthering our understanding of
how Rad3p functions, and hope that our work will be used as a model for ATM.

15



References

1. Allen, J. B., Z. Zhou, W. Siede, E. C. Friedberg, and S. J. Elledge.
1994. The SAD1/RADS53 protein kinase controls multiple checkpoints and DNA damage-
induced transcription in yeast. Genes and Development 8:2418-2428.

2. Beamish, H., and M. F. Lavin. 1994. Radiosensitivity in ataxia-telangiectasia:
anomalies in radiation-induced cell cycle delay. Int. J. Radiat. Biol. 65:175-184.

3. Bentley, N. J., G. Hawkins, K. Keegan, A. DeMaggio, D. Holtzman,
J. C. Ford, M. Hoekstra, and A. M. Carr. 1996. The Schizosaccharomyces
pombe rad3 checkpoint gene. EMBO J 15:6641-6651.

4. Easton, D. F. 1994. Cancer risks in A-T heterozygotes. Int. J. Radiat. Biol.
66:5177-S182.

5. Enoch, T., A. M. Carr, and P. Nurse. 1992. Fission yeast genes involved in
coupling mitosis to completion of DNA replication. Genes and Development 6:2035-2046.
6. FitzGerald, M. G., J. M. Bean, S. R. Hegde, H. Unsal, D. J.
MacDonald, D. P. Harkin, D. M. Finkelstein, K. J. Isselbacher, and D. A.
Haber. 1997. Heterozygous ATM mutations do not contribute to early onset of breast
cancer. Nature Genetics 15:307-310.

7. Friedberg, E. C., G. C. Walker, and W. Siede. 1995. DNA Repair and
Mutagenesis. ASM Press, Washington, D.C.

8. Harnden, D. G. 1994. The nature of ataxia -telangiectasia: problems and
perspectives. Int. J. Radiat. Biol. 66:S13-S19.

9. Hartwell, L. H., and T. A. Weinert. 1989. Checkpoints: Controls That Ensure
the Order of Cell Cycle Events. Science 246:629-634.

10. Houldsworth, J., and M. F. Lavin. 1980. Effect of ionizing radiation on DNA
synthesis in ataxia telangiectasia cells. Nucleic Acids Res. 8:3709-3720.

11.Jung, M., A. Kondratyev, S. A. Lee, A. Dimtchev, and A. Dritschilo.
1997. ATM gene product phosphorylates I kappa B-alpha. Cancer Res 57:24-27.
12.Kato, R., and H. Ogawa. 1994. An essential gene, ESR1, is required for mitotic
cell growth, DNA repair and meiotic recombination in Saccharomyces cerevisiae. Nucleic
Acids Research 22:3104-3112.

13.Kroll, E. S., K. M. Hyland, P. Hieter, and J. J. Li. 1996. Establishing
Genetic Interactions by a Synthetic Dosage Lethality Phenotype. Genetics 143:95-102.
14.Lindsay, H. D., D. J. Griffiths, R. J. Edwards, P. U. Christensen, J.
M. Murray, F. Osman, N. Walworth, and A. M. Carr. 1998. S-phase-specific

16



activation of Cds1 kinase defines a subpathway of the checkpoint response in
Schizosaccharomyces pombe. Genes Dev 12:382-95.

15. Murakami, H., and H. Okayama. 1995. A kinase from fission yeast responsible
for blocking mitosis in S phase. Nature 374:817-819.

16. Painter, R. B., and B. R. Young. 1980. Radiosensitivity in ataxia-telangiectasia:
A new explanation. Proc. Natl. Acad. Sci. USA 77:7315-7317.

17. Paulovich, A. G., and L. H. Hartwell. 1995. A Checkpoint Regulates the Rate
of Progression Through S Phase in S. cerevisiae in Response to DNA Damage. Cell
82:841-847.

18.Savitsky, K., A. Bar-Shira, S. Gilad, G. Rotman, Y. Ziv, L.
Vanagaite, D. A. Tagle, S. Smith, T. Uziel, S. Sfez, and et al. 1995. A single
ataxia telangiectasia gene with a product similar to PI-3 kinase. Science 268:1749-53.
19.Savitsky, K., S. Sfez, Y. Ziv, D. A. Tagle, A. Sartiel, F. S. Collins,
Y. Shiloh, and G. Rotman. 1995. A complete ATM gene product is similar to cell
cycle regulators in different species. Hum. Mol. Genet. 4:2025-2032.

20.Scott, D., A. R. Spreadborough, and S. A. Roberts. 1994. Radiation-
induced G2 delay and spontaneous chromosome aberrations in ataxia-telangiectasia
homozygotes and heterozygotes. Int. J. Radiat. Biol. 66:S157-S163.

21.Stewart, E., and T. Enoch. 1996. S-phase and DNA-damage checkpoints: a tale
of two yeasts. Current Opinion in Cell Biology 8:781-787.

22.Swift, M., D. Morrell, R. B. Massey, and C. L. Chase. 1991. Incidence of
Cancer in 161 Families Affected by Ataxia-Telangiectasia. N. Engl.J. Med. 325:1831-
1836. _

23. Thacker, J. 1994. Cellular radiosensitivity in ataxia-telangiectasia. Int. J. Radiat.
Biol. 66:587-S96.

24.Tournier, S., D. Leroy, F. Goubin, B. Ducommun, and J. S. Hyams.

1996. Heterologous Expression of the Human Cyclin-dependent Kinase Inhibitor p21CiP1

in the Fission Yeast, Schizosaccharomyces pombe Reveals a Role for PCNA in the chkl*
Cell Cycle Checkpoint Pathway. Mol Bio Cell 7:651-662.

25. Walworth, N., S. Davey, and D. Beach. 1993. Fission yeast chkl protein
kinase links the rad checkpoint pathway to cdc2. Nature 363:368-371.

26. Weinert, T. A. 1992. Dual Cell Cycle Checkpoints Sensitive to Chromosome
Replication and DNA Damage in the Budding Yeast Saccharomyces cerevisiae. Radiation
Research 132:141-143. |

17



